The paper presents the analysis of results of the investigations concerning the infl uence of various constructive solutions of the air--water mixers on hydraulic operating conditions of the air lift pump. The scope of the investigations encompassed the determination of characteristics of delivery head and delivery rate for three types of air-water mixers applied in the constructed air lift pump. Using the obtained results, the effi ciency of the three types of air-water mixers applied in this air lift pump was determined. The analysis was carried out and there was checked whether the improved analytical Stenning-Martin model can be used to design air lift pumps with the air--water mixers of these types. The highest capacity in the water transport was reached by the air lift pump with the 1 st type air-water mixer, the lowest one -with the 3 rd type air-water mixer. The water fl ow in the air lift pump increases along with the rise in the air fl ow. The lower are the hydraulic losses generated during fl ow of the air fl ux by the air-water mixer, the higher is the air lift pump capacity. Along with the rise in the water delivery head, the capacity of the air lift pump decreases. The highest effi ciency is reached by the air lift pump with the 1 st type air-water mixer, the lowest − with the 3 st type air-water mixer. The effi ciency of the air lift pump for the three investigated types of air-water mixers decreases along with the rise in air fl ow rate and water delivery head. The values of submergence ratio (h/L) of the delivery pipe, calculated with the use of the improved analytical Stenning-Martin model, coincide quite well with the values of h/L determined from the measurements.
INTRODUCTION
Air lift pumps (Mammoth pumps) used to be applied to transport fl uids both in pipeline and sewerage systems. Nowadays, in Poland, the air lift pumps are applied to lift fl uids and sediments in small near-home container sewage-treatment plants and big group sewage-treatment plants as well as in high-rate fi lters with self-regenerating bed (Heidrich et al. 2008 , Kalenik 2009 or for renovation of bored wells (Solecki 2010) . However, in other countries, the air lift pumps have much wider application. They are used to aerate and mix water as well as to remove carbon dioxide from water in the industrial fi sh farming (Barrut et al. 2012) , to mix water in deep lakes and to aerate it by means of transport of water from the lake bed onto its surface (Parker 1983 , Fan et al. 2013 ). Due to the simple construction and high reliability of the air lift pumps, they are applied in various branches of industry, especially in the petrochemical industry to raise oil from dead wells (Hanafi zadeh et al. 2011) , in the chemical industry to transport corrosive, radioactive, arid or toxic fl uids (De Cachard and Delhaye 1996, Kassab et al. 2007 ) as well as to pump boiling fl uids, where the change of liquid phase into gas phase occurs (Khalil et al. 1999) . They are also used to transport suspensions in mining industry and to lift manganese concretions from deep seabed up to ca. 4000-6000 m (Kassab et al. 2007) .
A two-phase (liquid-gas) or threephase (liquid-gas-solid) fl ow exists in the air lift pumps which is very difficult for mathematical modeling, for it depends on many factors and variables (Kalenik 2008 (Kalenik , 2014 . The hydraulic operating conditions of two-and threephase fl ow in the air lift pumps are very poorly identifi ed (Kassab et al. 2007 ). There are made some attempts to identify fl ow structures, occurring in various conditions of liquid-gas fl ow or liquidgas-solid fl ow, and to work out so-called fl ow structure maps for them and mathematical models for simulation of fl ows occurring in the air lift pumps (De Cachard and Delhaye 1996 , Yoshinaga and Sato 1996 , Kassab et al. 2007 , 2009 , Hanafi zadeh et al. 2011 , Mahrous 2012 , 2013b , Fan et al. 2013 , Meng et al. 2013 , Kim et al. 2014 . Investigations were also carried out for the air lift pumps made of perpendicular (Esen 2010) and curved (Fujimoto et al. 2004) pipes. The performed investigations of the air lift pumps with curved pipes beyond the air-water mixer show that signifi cantly falls the delivery of pumping of solids in the air lift pumps constructed in such way. However, if only liquid is being pumped, the pipe curvature of the air lift pump does not affect its delivery (Mahrous 2013a) . From the performed tests appears that the air lift pumps are characterized by the low effi ciency of operation if compared to conventional pumps (Kassab et al. 2007 , 2009 , Tighzert et al. 2013 .
There is few information on rules of the dimensioning and construction of the air lift pumps in the accessible scientifi c and technical literature (Jankowski 1975 , Wurts et al. 1994 . Especially, there is no information how to design an air-water mixer to obtain the best operating parameters.
In aim to calculate the operational effi ciency of the investigated air-water mixers in the constructed air lift pump, the Nicklin's formula (Nicklin 1963) , will be used:
where:
However, in aim to analyze the obtained results, the improved analytical Stenning-Martin model, constructed of the following equations (Wahba et al. 2014 ) will be used:
where: h/L -delivery pipe submergence ratio (-), Q w -water fl ow rate (m 3 ⋅s −1 ),
The paper presents the analysis of results of the investigations concerning the infl uence of various constructive solutions of the air-water mixers on hydraulic operating conditions of the air lift pump. The scope of the investigations encompassed the determination of characteristics of delivery head, delivery rate and operational effi ciency for three types of air-water mixers applied in the constructed air lift pump as well as the analysis of possibilities of the use of the improved analytical Stenning-Martin model in design of air lift pumps with these types of air-water mixers. Figure 1 shows the construction and operating principle of the stand for investigations of hydraulic operating conditions of the air lift pump. After opening of the ball valve (6), the pipeline (5) delivers water to the plastic tank (7) with the capacity of 450 l. During the tests the tank (7) was permanently fi lled with water up to the height of 1.0 m. The excess of the water delivered to the tank (7) was carried after opening of the ball valve (12) by the overfall (11) to the sewerage through the fl oor inlet (15). The draining pipeline (13) served to empty the tank (7) from the water after the ball valve (14) opening. 
DESCRIPTION OF MEASURING STAND
Inside of the tank (7), at the height of 0.20 m upon its bottom, the transparent plastic delivery pipe (9) with the internal diameter of 0.04 m and the height of 4.0 m was mounted, at which the scale (24) was placed to measure the air lift pump delivery head. To measure the air lift pump delivery rate, fi ve measuring pipe tees (3) were mounted in the delivery pipe (9), at the heights of 0.45, 0.90, 1.35, 1.80 and 2.25 m measured over the water level in the tank (7). The upper section of the delivery pipe (9) constitutes the air lift pump breather (1) operating during its work. The air-water mixer (8) was mounted in the delivery pipe (9) at the height of ca. 0.30 m over its lower edge. Figure 2 shows constructive solutions of the tested air-water mixers. The 1 st type mixer (Fig. 2a) is a one-point air supplying element of the air lift pump in a form of an externally threaded steel end (2) with the internal diameter of 0.013 m, mounted at the height of 0.30 m over the FIGURE 1. Scheme of the stand for investigations of the air lift pump: 1 -breather, 2 -measuring tee, closed with cork, 3 -measuring tee, 4 -water carrying pipe, 5 -water supplying pipe, 6, 12, 14, 16, 22 -ball cut-off valve, 7 -tank, 8 -air-water mixer, 9 -transparent delivery pipe, 10 -air supplying pipe, 11 -overfall, 13, 17 -draining pipe, 15 -fl oor inlet, 18 -measuring container, 19 -electronic air fl ow meter, 20 -electronic manometer, 21 -poppet valve, 23 -compressor, 24, 25 -scale The 2 nd type mixer (Fig. 2b ) has a form of a mixing chamber (3) with the internal diameter of 0.08 m, tightly fastened on the delivery pipe (1) with the external diameter of 0.05 m. The mixing chamber (3) along with the internal sealing has the external height of 0.30 m and the internal height of 0.25 m. Its width, measured from the external wall of the delivery pipe (1) to the internal wall of the mixing chamber (3), is equal 0.03 m. There are bored 70 holes (4) with the diameter of 0.004 m, in fi ve columns and fourteen rows, inside the mixing chamber (3) in a section of the delivery pipe (1). The holes (4) are placed at the half of the delivery pipe (1) circumference, on the side of the steel end (2) through which the air is pressed into the air lift pump.
The construction of the 3 rd type mixer (Fig. 2c) is almost the same as of the 2 nd type mixer. The difference consists in location of the holes (4) on the opposite side of the delivery pipe (1) circumference relative to the steel end (2) through which the air is pressed into the air lift pump. Such construction caused the pressure stabilization in the mixer chamber in the moment of air delivery to the mixer. It brought on a smooth air delivery through all the holes (4) in one time. The applied steel end (2) through which the air was pressed into the air lift pump was the same in each mixer's type. An elastic pipe (10 at the Fig. 1 ) was put on the steel end (2) to deliver the air.
At the pipeline (10, Fig. 1 ) with the internal diameter of 0.013 m, which delivered the air from the compressor (23) to the air-water mixer (8), there are mounted the electronic air fl ow meter The air and water temperatures were not measured during the measurements, only on the beginning the water temperature was measured and it was equal 12°C. The poppet valve (21) was used to regulate the air pressure.
During the measurements of the air lift pump delivery rate, there was used a plastic measuring tank (18) with the capacity of 100 l which was scaled at each 0.5 l to the capacity of 50 l. The measuring tank (18) served to measure the quantity of the water lifted by the air lift pump. The lifted water fl ew through the measuring tee (3), fl ew down to the measuring tank (18) through the water carrying pipe (4) with the internal diameter 0.04 m. During the measurements on a given measuring tee (3), remaining tees were closed with cork (2).
METHODOLOGY OF INVESTIGATIONS
Before the measurements began on the constructed stand for investigations of the air lift pump (Fig. 1) , air fl ows (Q p ) had been determined for the assumed pressures (p p ) of the air being delivered into the mixer (8) (20) with the use of the poppet valve (21). For the set values of air pressure (after their stabilization) the air fl ow values (Q p ) were being read from the electronic air fl ow meter (19). Five measuring series were carried out, then the results were averaged by the arithmetic mean and the obtained air fl ow values (Q p ), corresponding to the set air pressure values, were as follows: 0.5, 1.5, 3.4, 5.6, 7.7, 9.9 m 3 ·h -1 . Then, for the air fl ow values (Q p ), determined in such way, the characteristics of delivery head and delivery rate were calculated for the three types of air-water mixers, applied in the air lift pump.
At the beginning of the measurement of delivery head (H), the tank (7) had been fi lled with water, the compressor (23) was on and the required air pressure value was fi xed by the poppet valve (21) - Figure 1 . This air pressure value corresponded to the previously determined fl ow of the pressed air (Q p ) according to the readings of the electronic air fl ow meter (19). The air lift pump delivery head (H) was read after stabilization of the air-water mix fl ux in the delivery pipe (9). The reading of the delivery head (H) was performed on the scale (24) placed on the delivery pipe (9). The scale (24) was made with the accuracy of 1 cm. There was used a small ball with the smaller diameter than the delivery pipe (9) diameter to minimize the infl uence of the pulsatory character of the water fl ow through the delivery pipe (9) on the delivery head (H), i.e. to increase the measurement accuracy. The ball was additionally loaded so as it was at the limit of buoyancy after throwing it into the delivery pipe (9). There was assumed that so loaded ball would well represent the air lift pump delivery head (H) for the fi xed fl ow of the delivered air (Q p ). The ball was placed in the delivery pipe (9) each time before the measurement. Despite the ball was used, the pulsatory character of the water fl ow in the delivery pipe (9) caused that there was not possible to carry out the readings with the accuracy of 1 cm. Due to this, the measurements of the water delivery head (H) were made with the accuracy of 5 cm. The reading of value of the height the ball had been lifted at was made after its stabilization on a given level, after at least 1 min. The free surface of water in the tank (7) was kept on the constant level during the measurements. The measurement was repeated fi ve times, with one-minute intervals within one measuring series. Four measuring series were carried out for one type of the mixer. The obtained results of the air lift pump delivery head (H), for the given air pressure, i.e. for the fl ow of the delivered air (Q p ), are presented at Figure 3 .
At the beginning of the measurement of the air lift pump (Fig. 1 ) delivery rate (Q w ), the tank (7) had been fi lled with water, the compressor (23) was on and the valve (22) was opened on the air supplying pipe (10) of the mixer (8). Then the required pressure value was fi xed by the poppet valve (21) in dependence on the value of Q p for which the measurement FIGURE 3. Water delivery heads in the air lift pump (H) depending on the air fl ow (Q p ) and air pressure (p p )
was carried out. The check of the fl ow of delivered air (Q p ) was carried out on the fl ow meter (19). After a determined air fl ow (Q p ) had been set, a quantity of water, depending on the delivery rate (Q w ), fl ew out from the tank (7). The water level in the tank (7) had to remain constant to make the measurement reliable. The change of the mixer submergence ratio and the change of the water level in the tank brings on signifi cant changes both of the air lift pump delivery head (H) and delivery rate (Q w ). The ball valve (6) on the water supplying pipe (5) of the tank (7) was being opened once in a while to maintain the constant level of the liquid in the tank (7). The valve (6) each time was being set in the position which counterbalanced the water fl ow through a given measuring tee (3). The observation and regulation of the water level in the tank (7) was run relative to the level marked with a horizontal stroke on its internal wall. After that and after stabilization of the operating conditions of the air lift pump the measurement was began. The measuring container (18) was put under the water carrying pipe (4) and the water being lifted fl ew down to it through the water carrying pipe (4). The fi lling time, i.e. the measurement time, was fi xed as one minute. As one minute passed, the measuring container (18) was moved away from under the water carrying pipe (4) and the reading was made on the scale (25). Then the measuring container (18) was being emptied by the opening of the ball valve (16) and the next air fl ow value (Q p ) was being fi xed. As the container (18) was empty, the ball valve (16) was being closed and the empty container (18) was put under the water carrying pipe (4) of the air lift pump. Three series of measurements were performed for the fi xed air fl ow values (Q p ) as well as for all of the fi ve measuring tees (3) and three types of the mixers. The air lift pump delivery rate (Q w ) was tested for fi ve heights ( Fig. 1 
ANALYSIS OF THE OBTAINED RESULTS OF THE INVESTIGATIONS
During operation of the air lift pump ( Fig. 1) with the 1 st type mixer (Fig. 2a) , the air fl ow in the transparent delivery pipe was observed in a form of big irregular bulbs which, in chaotic and turbulent fl ux, threw up the water on considerable height. The fl ux of the water fl owing from the air lift pump was not continuous, but pulsatory and discontinuous. However, during operation of the air lift pump with the 2 nd type mixer (Fig. 2b) , the air fl ow in the transparent delivery pipe was observed in a form of small regular bulbs which fi lled up the whole cross-section of the delivery pipe and evenly lifted the water up. The fl ux of the water fl owing from the air lift pump was also pulsatory but not discontinuous. During operation of the air lift pump with the 3 rd type mixer (Fig. 2c) , the air fl ow in the transparent delivery pipe was observed in a form of very tiny bulbs which built an air-water emulsion in the whole cross-section of the delivery pipe, whereas the fl ux of water fl owing from the air lift pump was continuous with hardly visible pulsation.
The analysis of the obtained results of the water delivery head (H) in dependence on the quantity of the pressed air (Q p ) (Fig. 3) allows to state that the air lift pump delivery heads for each applied air-water mixer (Fig. 2) are comparable for small values of the air fl ow (Q p ). It is proved by close positions of measuring points for the air fl ow value Q p = 0.5 m 3 ·h -1
. As the air fl ow value increases, the infl uence of the mixer construction on operating conditions of the air lift pump becomes visible. This infl uence is depicted by a radial character of run of the air lift pump water delivery head curves.
There was applied a mathematic model in a form of a polynomial of 2 nd degree to derive formulas describing the dependence of the air lift pump delivery rate H on the air fl ow. High values of the coeffi cients of determination of the sample, which are ca. R 2 = 0.99, mean that, for the obtained results of measurements, the air lift pump delivery rate H depends in 99% on the air fl ow and the air pressure and only in 1% on other factors. Moreover, the obtained curves of water delivery rate tend to slope up in the whole investigated range of measurement.
If The analysis of the measurement results from the point of view of air consumption shows that the air lift pump with the 1 st type mixer needs the lowest quantity of air to lift water at a given height. Assuming that a delivery head is equal H = 1 m, the required air fl ow (Q p ) should be equal for the mixers ( . If compared the required air fl ow in the air lift pump with the 2 nd and 3 rd type mixers to the air lift pump with the 1 st type mixer, one can state that in case of the 2 nd type mixer 27% more air is to be delivered to lift water at the height of H = 1 m and in case of the 3 rd type mixer − 48% more air. To explain the differences between the delivery heads occurring for the three constructively different mixers (Fig. 2) , an air fl ow velocity on the delivery pipe outlet was calculated for each mixer (Fig. 4) for the same delivery heads. According to theoretical assumptions, an air lift pump delivery head depends on a mixer submergence ratio, on the energy of an air fl ux on a delivery pipe outlet and on the losses resulting from friction forces (Jankowski 1975 , Khalil et al. 1999 , Kassab et al. 2009 , Mahrous 2012 , 2013a , Fan et al. 2013 , Tighzert 2013 . In the performed investigations the fi rst and third parameters had the same values in the applied types of mixers, so they could not affect the differences arising in the measurement results.
The analysis of the test results presented at Figure 4 allows to state that in the delivery pipe of the air lift pump with the 1 st type mixer the air reaches the lowest fl ow velocity. It means that in the 1 st type mixer the air bulbs transfer their lifting energy in the highest degree to the water molecules, thus the air lift pump with the 1 st type mixer has the highest delivery head. However, in the air lift pump with the 3 rd type mixer, the air fl ow velocity in the delivery pipe reaches the highest fl ow velocity. It means that the air bulbs transfer their lifting energy in the lowest degree to the water molecules, what causes that the air lift pump with the 3 rd type mixer has the lowest delivery head. Investigations of hydraulic operating conditions... 79
The Figure 5 presents the results of investigations of the delivery rate of the air lift pump in the dependence on the air fl ow. The analysis of the obtained results allows to state that the mixers applied in the air lift pump have infl uence on its delivery rate. The highest delivery rate is reached by the air lift pump with the 1 st type mixer, the lowest one − with the 3 rd type mixer. For the applied types of the mixers, the air lift pump delivery rate decreases with the rise in the delivery head and increases with the rise in the delivery rate.
To ensure that the water fl ows out from the air lift pump on required heights of delivery, an appropriate minimum air fl ow in the delivery pipe must be guaranteed. The minimum air fl ow (Q pmin ) increases along with the rise in the delivery head (H). Table 1 presents the minimum required air fl ow in the delivery pipe for fi xed water delivery heads. For the fi xed delivery head H = 1.8 m, only for the 1 st type mixer the outfl ow was obtained; its delivery rate was equal Q w = 2.17 dm 3 ·min -1 with maximum fi xed fl ow Q p = 9.9 m 3 ·h -1 . For the 2 nd and 3 rd type mixers, the outfl ow from the air lift pump was not observed for the fi xed delivery head H = 1.8 m. However, if for the applied mixers and fi xed delivery heads (H) the air fl ow in the investigated air lift pump exceeded Q p = 9.9 m 3 ·h -1
, the air lift pump delivery rate (Q w ) did not rise further but started to decrease. This phenomenon is known and described in literature (Khalil et al. 1999 , Kassab et al. 2009 , Hanafi zadeh et al. 2011 , Meng et al. 2013 . It means that for the investigated air lift pump with the applied mixers (Fig. 2) the maximum required air fl ow should not exceed Q pmax = 9.9 m 3 ·h -1 . In aim to determine the air lift pump fl ow capacity for each type of mixers, appropriate formulas were determined. In this order, with the use of the measurements, there was made out the graph (Fig. 5) where the functional dependence of the air fl ow (Q p ) and water fl ow (Q w ) on the water delivery head (H) was determined. The analysis of the measurement results (Fig. 5) allows to state that every measuring points lay down close to each other, making visible tendencies for each water delivery head (H). The observed tendency is described in the best way by the mathematical model in a form of a linear function and a 2 nd degree polynomial.
The coeffi cients of determination of the sample are greater than R 2 = 0.96, what means that the water fl ow (Q w ) in the air lift pump depends in 96% on the air fl ow (Q p ) and the delivery head (H) and only in 4% on other factors. Due to that, empirical formulas were made out in the dependence on the air fl ow (Q p ) and delivery head (H) to calculate the water fl ow (Q w ) - Figure 5 . Then, using the determined formulas, the effi ciency of the air lift pumps with each type of air-water mixers was calculated. The analysis of the obtained results (Fig. 6 ) allows to state that the air lift pump effi ciency (η) for the three investigated types of air-water mixers very quickly falls almost to zero if the air fl ow rate (Q p ) rises. It is caused by the fact that when the air fl ow rate (Q p ) rises then more air bubbles occur in the delivery pipe of the air lift pump and these bubbles occupy more space in the delivery pipe cross-section, therefore the space occupied by water has less share in the delivery pipe cross-section. But the rise in the air fl ow rate (Q p ) in the delivery pipe causes the rise in the water fl ow rate what in turn causes the friction increase and effi ciency decrease. The effi ciency (η) of the air lift pump for the three investigated types of the air-lift mixers decreases with the rise in the water delivery head (H) as well. It is caused by the increase of linear hydraulic re- FIGURE 6. Effi ciency (η) of the air lift pump depending on the air fl ow rate (Q p ) and air pressure (p p ) sistance along the delivery pipe length and by the decrease of the water fl ow rate (Q w ). The highest effi ciency (η) (Fig. 6) is reached by the air lift pump with the 1 st type air-water mixer (Fig. 2 ) and the lowest -with the 3 rd type air-water mixer.
Using the measurement results presented on the Figure 3 the delivery pipe submergence ratio (h/L) was determined for the three types of air-water mixers applied in the air lift pump. Then, using the results of measurement of air fl ow rate (Q p ) and water fl ow rate (Q w ), presented on the Figure 3 , as well as the improved analytical Stenning-Martin model, constructed of the Eqs. (2), (3), (4), (5), (6) and (7), the delivery pipe submergence ratio (h/L) was determined for the three types of air-water mixers. The obtained results of the delivery pipe submergence ratio from the measurements and from calculations with the Stenning-Martin model are presented on the Figure 7 .
The analysis of the obtained results (Fig. 7) 
CONCLUSIONS
It results from the performed investigations that the air lift pump with the 1 st type mixer lifts water on the highest level and the one with the 3 rd type mixer -on the lowest level. The air lift pump delivery head depends on quantity of the air pressed into the air-water mixer, i.e. on the air fl ow in the delivery pipe. The air lift pump delivery head increases along with the rise in the air pressed into the mixer. The water delivery head depends also on the hydraulic losses generated during fl ow of the air fl ux through the mixer. The greater are the air hydraulic losses, the lower is the air lift pump delivery head. The highest delivery rate in the water transport was reached by the air lift pump with the 1 st type air-water mixer, the lowest one -with the 3 rd type air-water mixer. The water fl ow in the air lift pump increases along with the rise in the air fl ow. The lower are 1.
2.
3. the hydraulic losses generated during fl ow of the air fl ux by the air-water mixer, the higher is the air lift pump capacity. Along with the rise in the water delivery head, the capacity of the air lift pump decreases. The highest effi ciency (η) is reached by the air lift pump with the 1 st type air-water mixer and the lowest -with the 3 rd type air-water mixer. The air lift pump effi ciency (η) for the three investigated types of air-water mixers decreases along with the increase of the air fl ow rate and with the rise in the water delivery head. The values of the delivery pipe submergence ratio (h/L) calculated from the improved Stenning-Martin model quite well coincide with the values of h/L determined from the measurements. Thus, the improved Stenning--Martin model can be applied to design air lift pumps with the air-water mixers of this type (Fig. 2) .
